Fragilariopsis kerguelensis is one of the most abundant diatoms in the sediments of the Southern Ocean. Its morphometric features have been proposed as proxies, based on links with, for example, iron availability, sea surface temperature and glacial/interglacial conditions. We investigated morphometric changes in F. kerguelensis valves in a well-studied sediment core record, focusing on transition periods between glacials and interglacials. By applying a high-throughput diatom imaging and morphometry workflow, we found two clearly distinct morphotypes which were differentiated by their rectangularity. One of them occurred preferentially in glacial samples, whilst the other persisted throughout. This indicates that their relative abundances depend on environmental conditions and thereby points to the possibility that paleo-proxies based on F. kerguelensis valve morphometric features might in the future benefit from differentiating these two morphotypes. As an initial exploration of this idea, we show that the abundance ratio of both morphotypes correlates well with paleotemperatures which had been reconstructed using independent data from the same core. Distinguishing between the two morphotypes only became possible by image analysis for precisely measuring diatom valve outlines and area, highlighting the potential of such methods for diatom analyses.
Introduction
The siliceous sediment below large areas of the Southern Ocean contains a diatom record which has extensively been used for paleoceanographic reconstructions (Gersonde et al., 2005; Abelmann et al., 2006; Crosta, 2009; Shukla et al., 2009 ). Reconstructions of paleotemperatures and of sea ice cover are mostly performed using transfer functions which link taxonomic composition of sediment assemblages to environmental variables (Zielinski et al., 1998; Gersonde et al., 2003; Crosta et al., 2004; Esper and Gersonde, 2014a; Esper and Gersonde, 2014b) . But observations of intraspecific morphometric variation correlated with environmental conditions have also led to ideas to use such intraspecific variability to learn about past oceanographic conditions (Cortese and Gersonde, 2007; Nair et al., 2015; Shukla et al., 2016; Shukla and Crosta, 2017) . Most attention in this regard was directed at marine diatom species Fragilariopsis kerguelensis (O'Meara) Hustedt (Hasle, 1965) which is, at least in terms of valve counts, the most abundant diatom species in Southern Ocean sediments (Abelmann and Gersonde, 1991; Warnock et al., 2015; Shukla et al., 2016) . Variation in quantitative characters like valve length, width and area, as well as striation density, and the composite descriptor F or F* (Eq. (3)), were proposed to be related to productivity, iron availability, (summer) sea surface temperature, the position of the Antarctic Polar Front and to glacial/interglacial regimes (Fenner et al., 1976; Cortese and Gersonde, 2007; Cortese et al., 2012; Shukla et al., 2013; Shukla and Crosta, 2017) . The reliability of these proxies is still under discussion, because F. kerguelensis has a highly variable valve morphology (Hasle, 1965) , which can be affected by multiple, partly intercorrelated causes (Crosta, 2009; Cortese et al., 2012; Shukla et al., 2013; Shukla and Crosta, 2017) , but it seems clear that morphometrics of valves of this diatom species are affected by environmental conditions.
In this study, the question was asked whether precise measurement of valve outline features using a semi-automated procedure (Kloster et al., 2014; Kloster et al., 2017 ) might provide novel insights on this intraspecific morphometric variability. For this we analyzed material from the previously well investigated Southern Ocean sediment core PS1768-8 (Gersonde and Hempel, 1990; Gersonde, 2003) , which was taken close to the average position of the Antarctic Polar Front (APF, Fig. 1 ). The use of a partially automated workflow (Kloster et al., 2017) enabled us to process large sample sizes (mostly between ca. 300 and 1000 valves per sample), and to assess a broad range of morphometric features. Observing distributions of diverse morphometric descriptors, we found that the F. kerguelensis "populations" in some layers of this sediment core consisted of two morphotypes, separated by the morphometric descriptor rectangularity (Droop, 1995) . In this paper, we describe these findings and the occurrence of these morphotypes over two glacial to interglacial transitions in the core, and provide an initial exploration of whether their relative abundances might become useful for developing novel paleo-proxies.
Material and methods
The sediment core was obtained and processed for diatom analyses as described in Zielinski (1993) . Valve densities on the original slides used by Zielinski (1993) were high. Since this caused difficulties for automated analysis, we re-mounted oxidized material at lower densities. This was done by drying ca. 1 ml diluted valve suspension onto cover slips in 12-well cell culture plates and embedding in Naphrax. Sampling depths were chosen with emphasis on transitions between glacial and interglacial periods (Table 1) .
Valve outline features were quantified with the diatom morphometry software SHERPA (Kloster et al., 2014) , applying the workflow and methods described in Kloster et al. (2017) . This procedure includes two automated microscopic imaging steps: the first one is an area scan (creating a "panorama image" of the slide) performed at a low magnification/low resolution which is used to locate valves of interest on the slide. The second imaging step revisits only the positions where valves of interest were located, to image them by high resolution focus stacks. In more detail, first, a manually marked area of each slide was scanned with a low magnification objective (ZEISS Plan-Apochromat 10×/0.45 or ZEISS EC Plan-Neofluar 20×/0.5) in overlapping fields-of-view using a Metafer slide scanning system (MetaSystems, Altlussheim, Germany; individual field-of-view images had 1360 × 1024 pixels at 1.55 pixels/μm for the 10× objective, 3.1 pixels/μm for the 20× objective). These images were analyzed with SHERPA to locate target valves. These positions were then imaged in a second scanning cycle with a 63× oil immersion objective (ZEISS Plan-Apochromat, N.A. = 1.40; again 1360 × 1024 pixels, at 9.8 pixels/μm) at 20 focus positions in 0.2 μm distances with the Metafer system. The 20 focus plane images were combined to produce an extended depth-offocus image (performed as part of image processing by the Metafer image acquisition software). These high resolution extended depth-offocus images were finally analyzed with SHERPA again, this time for precise morphometric characterization. During this step, every single valve considered by SHERPA was checked manually to make sure that it belongs to Fragilariopsis kerguelensis, and that segmentation of the valve outline was performed well by the software. If necessary, the valve outline was corrected manually. Morphometric descriptors were then saved from SHERPA for further data analysis and processing using R (R Core Team, 2015) . Since the area scanned during the first low magnification step, as well as the sample density, determined the valves scanned during the second high magnification step, the amount of analyzed valves varied for each sample.
Low resolution area scans for core depths 800-820 cm were obtained using a 10× objective, for all other sampling depths a 20× objective was used. We switched to using the 20× objective when it became apparent that this reduced manual efforts when locating diatom valves in the first scanning cycle, without affecting the quality of results. Settings for SHERPA and employed shape templates are supplied in supplement "SHERPA settings". Data analysis was performed in R (R Core Team, 2015) , the respective scripts can be found in supplement "Data". We modeled rectangularity distributions by a mixture of two univariate normal distributions, fitted by an expectation maximization algorithm (Benaglia et al., 2009) .
Valve area measurements by SHERPA were performed by counting pixels lying within the segmented valve area; we will refer to these values as measured valve area. To compare these with literature values, which we will refer to as estimated valve area, we applied the equation Sampling size: number of Fragilariopsis kerguelensis valves analyzed in the present study from the corresponding core depth. Reconstructed SSST ≤0.9°C (glacial periods) is highlighted in bold letters.
given in (Shukla et al., 2013 ): = * * Estimated valve area apical length transapical length 0.8
The following morphometric descriptors were calculated using SHERPA (Kloster et al., 2014) ; the details here are only given for clarity: rectangularity was calculated as the ratio between the area of the valve and the area of the enclosing rectangle oriented parallel with the major axis of the valve (Droop, 1995, 
Costae distance measurement is an experimental SHERPA feature. This frequency based method is mostly robust towards segmentation flaws, nevertheless results of costae distance ≥5 μm were assumed to be incorrect and thus rejected, which applied to ca. 0.5% of all data. The valve image was segmented by adaptive thresholding (Bradski and Kaehler, 2008) , resulting in costae and valve border highlighted in white, whilst striae and image background were masked as black pixels. The segmented image was sampled along the central 80% of the valve's major (apical) axis by the Bresenham algorithm (Bresenham, 1965) . Along this sampled line, each white section was replaced by a 5 pixel wide binomial-smoothed peak, resulting in an artificial 1d-image of costae positions. This was transformed into the frequency domain by discrete Fourier transform (DFT). Average costae distance was calculated from the frequency of the maximum magnitude of the Fourier transformed.
The strength of correlations, calculated by the Pearson correlation coefficient (r), is reported following the scheme Evans (1996) suggested (absolute values between 0.00 and 0.19 = very weak; 0.20-0.39 = weak; 0.40-0.59 = moderate; 0.60-0.79 = strong; 0.80-1.00 = very strong).
Results
We analyzed sediment core PS1768-8 by sampling 21 different depths, covering the past ca. 140,000 years, marine isotope stages (MIS) 1, 2, 5 and 6, and reconstructed SSST between 0.5 and 4.4°C (Esper and Gersonde, 2014b; Abelmann et al., 2015) , with emphasis on the transitions between glacial and interglacial periods. Morphometric features of ca. 12,000 valves were measured (Table 1) ; the data set is provided in supplement "Data".
Valve rectangularity
Combining measurements from all sampling depths, rectangularity (Eq. (2)) showed a clearly bimodal distribution (Fig. 2) , which we approximated by fitting a mixture of two univariate normal distributions (Benaglia et al., 2009) . In the following, we refer to these two distributions as classes of low and high rectangularity, marked by a green and a maroon curve, respectively. The low rectangularity class was defined by mean (μ) of ca. 0.72 and standard deviation (σ) of ca. 0.014, contributing ca. 70% (λ) of the valves over the whole core, with the valve shape being more lanceolate. The high rectangularity class had a μ of ca. 0.78, a σ of ca. 0.016, and contributed ca. 30% of all valves investigated, where the valve shape was more elliptical. Since the tails of both component distributions overlap, intermediate rectangularity values (roughly in the range between 0.73 and 0.77) cannot be unequivocally assigned to one of them. Nevertheless, for simplicity, we used a threshold of 0.753 to distinguish between them, corresponding to the point where the posterior probability of an observation belonging to either class is equal in the normal mixture model (Fig. 2) . A more precise estimation of the contribution of both morphotypes to any single sample/population is possible by fitting the normal mixture with fixed μ and σ and optimizing the value of λ to the individual distribution, as illustrated in Fig. 4 , but to avoid confusion, we only report the values from the simpler, threshold-based estimates in the following text unless stated otherwise.
Rectangularity distributions from individual sampling depths displayed different patterns (Fig. 3) , appearing either uni-or bimodal; two extreme examples are given in Fig. 4 , distributions for each of the sampling depths in Fig. A1 in supplement "Two rectangularity classes for each sampling depth". Valves from the low rectangularity class comprised between ca. 50% and nearly 100% of the Fragilariopsis kerguelensis populations (Fig. 5) . The high rectangularity class preferentially occurred in core depths corresponding to reconstructed SSST values ≤0.9°C (Fig. 3 blue colour) , and contributed up to 50% of valves measured. For layers with the reconstructed value of SSST lying ≥1.7°C (Fig. 3 red colour) , the high rectangularity class contributed < 15% with a single exception (33% for 110 cm sampling depth, Fig. 5 ). SSST between 0.9°C and 1.7°C was not covered by our samples.
The relative contribution of both rectangularity classes varied across investigated core depths (Fig. 5) . Samples from MIS 6 showed a much lower contribution of the high rectangularity class than samples with similar reconstructed SSST values from MIS 2. During the last glacialinterglacial transition, the high rectangularity class contributed exceptionally strongly at 110 cm sampling depth compared to nearby SSSTs. This signal might perhaps be related to the Antarctic Cold Reversal event (Cortese and Gersonde, 2007) , although the paleo-temperatures reconstructed for the core do not show a cooling in this period. Apart from these cases, a general trend of increased contribution of the high rectangularity class in glacial intervals, i.e. at low reconstructed SSST values, could be observed. Fig. 2 . Bimodal distribution of the morphometric descriptor rectangularity over all sampling depths. The gray bars show a histogram of all rectangularity values observed throughout the core, whereas the dotted black curve depicts their density estimate, i.e., a smoothed variant of the histogram. Solid curves depict the two component normal distributions resulting from fitting a mixture to the observed data; in green for the low and maroon for the high rectangularity class, with parameter values estimated given as text in the same colour as the corresponding curve (μ referring to the estimated mean, σ: standard deviation and λ: mixing proportion). The vertical dashed red line marks the threshold of 0.753 used to separate the two classes. Representative valves for each of the classes are shown on the left (lower rectangularity value, but a more lanceolate shape) and the right (higher rectangularity value, but a more elliptical shape). The valve area is highlighted purple and the surrounding rectangle is depicted in green (compare Eq. (2)). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Fig. 3 . Depth/age assignment and reconstructed paleoenvironmental information for core PS1768-8 in relation to valve rectangularity. Left: depth of core related to SSST, after Esper and Gersonde (2014b) . Horizontal dotted lines mark the sampling depths we investigated, referred to by letters a to u. Shaded areas in the left hand panel indicate glacial periods according to MIS. Right: rectangularity histograms, a) -u) refer to the different sampling depths as indicated in the left hand panel and in Table 1 . SSST ≤0.9°C is marked in blue, ≥1.7°C in red colour. Vertical dashed red lines in the histograms mark the threshold of 0.753 we used for separating the two rectangularity classes; the dotted black curves give a continuous representation of the distribution of observed rectangularity values in the form of density estimates. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Rectangularity compared to valve length distribution
Since in Fragilariopsis kerguelensis, like in most other diatoms with elongate valves, valve outline shape changes accompany size decrease, rectangularity could depend on size. In that case, the presence of two somewhat distinct size classes could explain the bimodal rectangularity distributions observed. To test this possibility, the joint distribution of rectangularity and valve length was plotted (Fig. 6 ) which clearly showed that this was not the case. The two peaks present in the joint distribution appeared at similar valve lengths (around 25-30 μm), and were separated clearly on the rectangularity axis. Thus, we can exclude a bimodal size distribution as an explanation of the bimodal rectangularity distributions, as well as the possibility that the observed rectangularity differences represent valve shape changes related to the life cycle.
Further morphometric differentiation between rectangularity classes
To see if valves assigned to the low vs. high rectangularity class show any further morphometric differences, we compared further features between them and with their overall means (i.e. both rectangularity classes combined). Mean and median valve length in the high rectangularity class was found to be substantially lower than in the low rectangularity class (Table 2 ; also see Fig. 6 ). Similar observations could be made for valve width and area. In costae distance (striae density) however, both classes were virtually identical, and in F/F* differences were minor.
Correlation between valve area and SSST
Since it has been proposed that mean valve area of Fragilariopsis kerguelensis is related to sea surface temperature, the question arises if this relationship still holds for both rectangularity classes individually. Green and maroon lines depict the component normal distributions fitted using a mixture model for the low and high rectangularity classes as defined in Fig. 2 (i. e., mean μ and standard deviation σ fixed to the values estimated using the full data set, mixing proportion λ estimated anew for the specific sample). The dashed red lines mark the threshold of 0.753 we used for separating the two rectangularity classes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Fig. 5 . Contribution of valves from the two rectangularity classes from different reconstructed SSSTs and sampling depths. The proportion of valves belonging to the low rectangularity class with a high confidence is shown in green, for the high rectangularity class in maroon. Gray colour marks the proportion of valves for which class assignment was uncertain, i.e. the posterior probability of belonging to one class differed from that of the other class by less than a factor of 100, according to the fitted mixture model. Black marks indicate the class border by a rectangularity threshold of 0.753. MIS 2 and 6 depict glacial, 1 and 5 interglacial periods. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
A linear regression (Fig. 8) shows that this quantity is indeed a good predictor of reconstructed SSST values for this core, explaining around 80% of variability in reconstructed paleotemperatures.
Discussion
We investigated valve morphometric changes in Fragilariopsis kerguelensis valves in a well-studied sediment core record. Unexpectedly, we found two clearly distinct classes, differentiated by their rectangularity. In spite of the small relative difference (only ca. 7%) between both classes and of their overlap, they lead to clearly bimodal distributions in many individual core depths, as well as over the whole sediment core (Figs. 2-4) . Means of some size-related morphometric features (valve length, width and area) were substantially different between both classes, but neither striae density nor F/F* were ( Table 2) . Proportion of valves matching these two classes varied between sampling depths of sediment core PS1768-8 (Figs. 3 & 4) . Furthermore, we observed that differentiating F. kerguelensis low rectangularity morphotype leads to an improved correlation between valve area and reconstructed summer sea surface temperature (Fig. 7) . Differences compared to values from both rectangularity classes combined are in brackets; differences ≥10% absolute are marked in bold letters.
Fig. 7.
Comparison of mean valve area and SSST, for low rectangularity class (green) and high rectangularity class (maroon); sampling depths are depicted by the indicated symbols. Ca. 35% of the variability in mean valve area within the low rectangularity class can be explained by a linear correlation to SSST (dashed green line), and < 8% for the high rectangularity class mean area (not shown). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Morphotypes distinct by rectangularity
Fragilariopsis kerguelensis morphology, as well as material from sediment core PS1768-8, has already been investigated thoroughly. Nevertheless, the two classes of different rectangularity we found herein (Fig. 2) have not been recognized before. This is not necessarily surprising when considering that whenever both classes were clearly visible, also transitional forms, covering the whole rectangularity range between them, were present. In morphological taxonomy, the presence of a range gap or discontinuity in morphological variability is a commonly applied criterion for differentiating taxa (Mann, 1999) ; using this criterion, both rectangularity classes should indeed not be separated. Yet, rectangularity distributions appeared strongly bimodal in several individual sampling depths, as well as for all valves observed throughout the sediment core, clearly indicating that we are not dealing with a single homogeneous group of morphologies.
A shape transition from lanceolate towards elliptic valve outlines can often be observed as a result of size reduction in pennate diatoms (Woodard et al., 2016) . Contrasting this, in our case the heterogeneity in rectangularity is not related to valve length, since valves belonging to both rectangularity classes can be observed at identical valve lengths (Fig. 6) . Based on this, the variation in valve shapes captured by the rectangularity values cannot be explained by life cycle related shape change. To further illustrate this point, we show examples of valves belonging to both rectangularity classes at comparable sizes in Fig. 9 . Valves from the low rectangularity class (Fig. 9a) exhibit a more lanceolate to shape and pointed apices. In contrast, valves from the high rectangularity class (Fig. 9b) have rounded apices, resulting in a more elliptical shape. This distinction can be observed throughout the whole size range.
The observed morphological variants might correspond to two different taxa, that is, groups of populations which are either reproductively isolated, or in reproductive contact, but under strong divergent selection upon their valve morphologies. Another possibility is phenotypic plasticity, that is, it is possible that F. kerguelensis cells can (possibly depending on environmental conditions, for example, temperature) switch their valve outline shapes from lanceolate to elliptic. Which of these possibilities applies to the F. kerguelensis valves with different rectangularity, cannot be decided based on only fossil material but needs information from cultures or molecular markers. For this reason, we will refer to these variants as morphotypes for the time being, until the biological nature of their difference has been clarified. In the following text, we will call the low rectangularity class morphotype I and the high rectangularity class morphotype II.
We now address whether these morphotypes correspond to taxa proposed previously. Donahue (1970) proposed Nitzschia kerguelensis var. ovalis (N. kerguelensis being synonymous with F. kerguelensis), documented by six valve images. Judging by its name, one could hypothesize that this variety corresponds to the more elliptical morphotype II we observed. We digitized and analyzed with SHERPA Donahue's published images of her var. ovalis, resulting in rectangularity ranging from 0.70 to 0.72. These values are at the lower side of the distributions for our low rectangularity class, depicting the more lanceolate morphotype I. She further reported a higher abundance of the proposed var. ovalis north of the Antarctic Convergence. This is also in contrast with our findings that morphotype II is abundant mostly at temperatures at the lower end of F. kerguelensis physiological Fig. 8 . Correlation between ratio of contribution from the two rectangularity classes (Eq. (4)) and SSST. Ca. 80% of the SSST variability can be explained by a linear correlation with the ratio (dashed line). The corresponding data is given in Table A1 in Supplement "Contribution from the two rectangularity classes". temperature range. Accordingly, we conclude that the Nitzschia kerguelensis var. ovalis, as proposed by Donahue (1970) , is not congruent with the F. kerguelensis morphotype II we found, but with morphotype I.
Frenguelli (1960) also described an elliptically shaped variant in this species as Fragilariopsis antarctica var. elliptica (F. antarctica being synonymous with F. kerguelensis). However, this variety was rejected by Hasle (1965) because she observed that more elliptical valves usually occurred at lower sizes, and was of the opinion that this resulted from allometric change in valve outline shape. Cefarelli et al. (2010) agreed, since for Frenguelli's material they "found a close correlation between form and valve size". Our study is the first where the question of correlation between size and valve outline shape in F. kerguelensis is addressed quantitatively.
Although we indeed observed a negative correlation between rectangularity and valve length (R 2 = 0.098, r = −0.313, df = 11,855, p < 2.2 × 10 −16 ), we clearly illustrated above (Figs. 6, 9 ) that the two morphotypes both occur at comparable sizes, i.e., they cannot be explained as valve shape change brought about by size diminution. From the single valve drawing which Frenguelli (1960) used to illustrate F. antarctica var. elliptica, we measured a rectangularity value of 0.78, which conforms to the more elliptical morphotype II we found. Cefarelli et al. (2010) presented further light microscopic images from Frenguelli's original material, from which we also measured rectangularity with SHERPA. One of two var. elliptica examples had a rectangularity of 0.769, which matches the high rectangularity class well, but this measurement might be imprecise due to partly defocused valve edges. However, the other example of var. elliptica, as well as the three F. kerguelensis var. kerguelensis examples, were within the overlapping range of the two rectangularity classes (0.746-0.758), so their class assignment is ambiguous. Nevertheless, at Frenguelli's sampling site (under ice near Port Martin winter station, Adélie Land at 66°49′ S), a SSST < 0.9°C can be expected, which conforms with increased abundance of morphotype II in our sediment core samples. Thus, it seems possible that the var. elliptica described by Frenguelli (1960) matches the morphotype II we found. In this case, our analyses can be taken as evidence against the arguments put forward by Hasle (1965) and Cefarelli et al. (2010) refusing the validity of Frenguelli's proposed variety. The cited authors were correct in pointing out both that intermediate forms between highly elliptical and clearly lanceolate valves can be found in this species, and that elliptical valves more frequently occur at low sizes. However, valves with intermediate values of rectangularity are rare compared to valves with high or low rectangularity; and this observation even applies when comparing valves at a fixed size. If eventually both morphotypes observed here were to be differentiated taxonomically, Frenguelli's taxon could be revived.
Correlation of Fragilariopsis kerguelensis valve properties with environmental conditions
For Fragilariopsis kerguelensis, different morphometric characters including valve area, valve length and the combined factor F or F* have been observed to depend on environmental conditions and proposed as potential paleoclimate proxies (Donahue, 1970; Fenner et al., 1976; Cortese and Gersonde, 2007; Cortese et al., 2012; Shukla et al., 2013; Nair et al., 2015; Shukla and Crosta, 2017; Shukla and Romero, 2018) .
Our study might have implications for this application of F. kerguelensis morphometrics in multiple ways. First, using slide scanning combined with image analyses allows increasing sample sizes, and, probably even more important, a more precise measurement of morphometric characters apart from simple length measurements. One case in point is valve area: estimations according to Eq. (1) (Shukla et al., 2013) overestimated values compared to our direct measurements by ca. 9% on average (Table A2 in Supplement "Valve area"). This is not surprising when considering that the rectangularity from our measurements, having an overall mean of 0.74, corresponds to their correction-factor of 0.8. If this was a consistent bias across different samples or core depths, this would be no problem; however, due to varying contributions of the two morphotypes (Fig. 5) and their distinct rectangularity (mean 0.72 and 0.78), the bias affects valve area estimates from different communities to different extents, so that the difference between measured and estimated valve areas ranges from 7.64-10.76% across the samples investigated herein. Whether this loss of precision can be afforded will depend on the exact question asked, but in general we propose that, whenever feasible, actual measurement of valve area should be preferred over estimation based on measuring valve length and width only.
The second aspect with potential relevance for F. kerguelensis morphometric proxies is our finding of two different morphotypes. Regardless of whether both morphotypes correspond to distinct (sub-) species or to phenotypic variants of the same species, their relative occurrence shows a strong correspondence with paleo-environmental conditions, since the high rectangularity morphotype II occurred preferentially during glacial periods. Based on this, it is both possible that the relative contribution of both morphotypes might become useful as (part of) a paleoceanographic proxy, and that explicitly distinguishing both morphotypes might improve the precision or resolution of any one of the previously proposed F. kerguelensis morphometric proxies. For the F. kerguelensis valve area proxy, a complex interpretation framework has emerged which takes into account deviation of water temperature from optimal values for the species, macronutrient and iron supply, species specific productivity, as well as oceanographic reorganizations and changing sea ice cover (Cortese and Gersonde, 2007; Crosta, 2009; Cortese et al., 2012; Shukla et al., 2013; Shukla and Crosta, 2017; Shukla and Romero, 2018) . These studies have shown that characterizing morphometric variability in this species as latitudinal gradients, as originally proposed by Donahue (1970) or Fenner et al. (1976) , is overly simplistic. For instance, valve area has its maximum in a band between the Polar Front and the seasonally ice covered zone, and decreases both to the South and North of this region (Cortese and Gersonde, 2007) . In the present study, paleotemperature was used simply as an illustration because it is readily available, but it is clearly only one out of several important ecological determinants of patterns of morphometric variability within this species (or species complex). Going beyond the simple recognition of the existence of two morphotypes, as done herein, and to fully assess the consequences and potential uses of this fact for proxy development and application, will need a broader sampling focusing on recent material, from well characterized environmental settings. Besides this, applying precise measurements of a broader range of morphometric characteristics, i.e., going beyond valve area and rectangularity, might also provide complementary insights. Since this species is numerically so abundant in the Southern Ocean sediment, and is relatively easy to recognize and analyze, it has practical advantages and it might accordingly be a system for paleo-proxies that is worth to be still developed further in the future.
Conclusions
We found two morphotypes of Fragilariopsis kerguelensis, distinguished by characteristics of the valve apices, which appear to be either pointed, resulting in a more lanceolate valve shape, or more rounded, resulting in a more elliptical valve shape. This difference becomes apparent in the morphometric descriptor rectangularity, which indicates the presence of two clearly distinct classes for the material we investigated. Increased occurrence of the more elliptical morphotype was observed at lower reconstructed paleo-temperatures.
Whether these patterns results from the presence of so far unrecognized taxa within F. kerguelensis or from phenotypic plasticity, needs to be clarified using extant (living or DNA containing) samples. It is possible that differentiating between both morphotypes could improve existing paleo-proxies based on F. kerguelensis valve morphometric features, or could form the basis for novel ones; this question also needs to be addressed in follow-up studies using extant material from known environmental conditions.
